To investigate the eect of intraspeci®c competition on¯owering in Brassica napus`Westar', a series of 30 pots was established that spanned a range of one±96 plants per pot. In each pot, the following attributes of individual owers were quanti®ed: petal length; petal width; stamen length; pistil length; pollen production; diameter of pollen grains; and nectar production. Certain plants contained a transgenic marker that enabled the vigour of their pollen to be quanti®ed by screening the progeny from post-pollination trials against conventional male competitors. Plant size was strongly aected by plant density; plants in the lowest density pots comprised ten-times more dry biomass than individuals in the highest density pots. However, none of the attributes of individual owers varied with density. In contrast, the number of¯owers per plant declined rapidly with density. In the face of resource scarcity, the plants apparently conserved¯ower size rather than¯ower number. There was no dierence in the response to density between transgenic and conventional plants, but transgenic plants obtained more fertilizations than expected in post-pollination competition against conventional competitors. A separate experiment demonstrated that B. napus is, nevertheless, capable of plasticity in certain¯ower attributes ( petal size, stamen length) in response to defoliation. Explanations for the stability of¯ower size relative to¯ower number are discussed.
INTRODUCTION
In animal-pollinated plants, pollination success can be aected by the attributes of individual¯owers such as corolla dimensions (Nilsson, 1988; Wilson, 1995; Campbell et al., 1996; Galen, 1996; Wilson and Thomson, 1996; Kobayashi et al., 1997) , sexual architecture (Campbell et al., 1994; Armbruster, 1996; Cresswell, 2000) , nectar production (Mitchell, 1993) and pollen quality (Mulcahy et al., 1983; Delph et al., 1997) . Flowers are typically less variable than vegetative organs such as leaves (Conner and Sterling, 1995; Sherry and Lord, 1996; Armbruster et al., 1999) , and this may be because formfunction relationships in¯owers have generated stabilizing selection on certain¯oral attributes Cresswell, 1998 Cresswell, , 2000 Karoly and Conner, 2000) . Nevertheless, variation among¯owers can emerge when competition among assimilate sinks causes variation within an in¯orescence in the availability of assimilates for¯ower development (Macnair and Cumbes, 1989; Herrera, 1991; Wolfe, 1992; Diggle, 1995 Diggle, , 1997 GuitiaÂ n and Navarro, 1996 ; but see Ashman and Hitchens, 2000) . Additionally, the availability of assimilates at the whole-plant level can also impinge on¯ower development. Recent studies have found that defoliation evokes plasticity in various¯oral attributes, including corolla dimensions (Strauss et al., 1996 (Strauss et al., , 1999 LehtilaÈ and Strauss, 1997; Mothershead and Marquis, 2000) , pollen production (Aizen and Raaele, 1996) , pollen quality (Mutikainen and Delph, 1996; Delph et al., 1997; Aizen and Raaele, 1998; Agrawal et al., 1999) and ovule number (Frazee and Marquis, 1994) . Presumably, defoliation reduces the amount of assimilate available for allocation to reproduction because the plant's overall rate of photosynthate production is reduced, or because allocation to the production of defensive biochemicals is increased (Stowe, 1998; Strauss et al., 1999) , or because of an increased allocation to the production of proteins (rubisco, etc.) that enable photosynthesis to be upregulated in the remaining leaf tissue (Farrar, 1999) . It seems reasonable, therefore, to anticipate that other factors that aect a plant's assimilate status will also aect¯oral attributes. One such factor is intraspeci®c competition.
The level of intraspeci®c competition that individual plants experience and, consequently, the size that plants attain, is closely related to the density of adjacent individuals. In monocultures, for example, plant size declines with density such that plant biomass per unit area typically attains a maximum (the law of constant ®nal yield; Kira et al., 1953; Harper, 1977) . Reproductive biomass typically decreases with plant size (Samson and Werk, 1986) , and smaller plants produce fewer¯owers and may also invest less per¯ower (Morgan, 1998; Worley et al., 2000, but see Sato and Yahara, 1999) . Size-vs.-number trade-os are a standard component in the theory of seed production (Lloyd, 1987; Venable, 1992) , and have also been incorporated in models of¯ower production (Sakai, Annals of Botany 88: 111±117, 2001 doi:10.1006 /anbo.2001 .1431 , available online at http://www.idealibrary.com on 0305-7364/01/070111+07 $35.00/00 # 2001 Annals of Botany Company 1993). However, when a plant experiences resource deprivation through competition it is unclear how this trade-o will be resolved with respect to¯owers. Mazer (1992) demonstrated that certain¯ower attributes of Raphanus raphanistrum did not vary signi®cantly with plant density, but some ambiguity remains because her results contained a weak, statistically insigni®cant association between¯ower size and plant density. Additionally, the relationship between density and¯ower number was not reported in her study.
Our study therefore sought to clarify whether both¯oral attributes and¯ower number are aected by intraspeci®c competition, and to extend the range of reproductive attributes that are considered in this context. To demonstrate that our chosen study species is not unusual in the level of developmental homeostasis that its¯owers exhibit, we tested whether its¯oral response to experimental defoliation was similar to that widely documented elsewhere.
MATERIALS AND METHODS

Intraspeci®c competition experiment
To investigate the eect of intraspeci®c competition on owering in Brassica napus`Westar', a series of 30 pots was established that spanned a range of one±96 plants per pot. Each pot (0 . 12 m diameter) contained potting soil (John Innes No. 2, Gem Gardening, Acrington, UK), and variation in plant density was established by sowing dierent numbers of seeds. The pots were randomly positioned in an array on the glasshouse bench during growth. Immediately after all measurements had been made, the plants were harvested by cutting through the stem at soil level and the number of fruits,¯owers and buds was counted. The plants were then oven-dried before their mass was determined; plant size and density will therefore be expressed as dry biomass (g).
The central plant in each pot was of a transgenic stock (Zeneca Plant Science, Bracknell, UK) that contained a screenable genetic marker, namely the Bar gene coding for phosphinothricin acetyltransferase (Thompson et al., 1987) , which confers resistance to the herbicide Challenge (glufosinate ammonium). This genetic marker was required to test the eects of plant density on post-pollination mating success (see below). The remaining plants in the density series had a conventional genotype, isogenic to that of the transgenic stock except for the marker gene. To demonstrate that transgenic and conventional plants exhibited a similar response to density, measurements of¯ower attributes in each pot were made on the transgenic individual and a conventional neighbour, except when plant density was one, and therefore only a transgenic individual was available. When a sucient number of conventional plants were present in a pot (i.e. density 5 4),¯ower attributes of conventional plants were quanti®ed by calculating the mean measurement of¯owers taken from three randomly selected neighbours.
Seeds were planted on 25 May 1999, and¯ower collection took place from 12±19 August. Plants were harvested on 21 August.
Quantifying the eect of density on¯ower attributes
To characterize the attributes of¯owers, two¯owers were collected from each plant that was analysed, one fully open ( petal laminas perpendicular to style, pollen dehiscent) and one still in bud. The in¯orescence position of the¯owers collected was not fully controlled, but this should not have aected the outcome of this experiment because collections were made early in an individual's¯owering period (no later than the fourth day) and the acropetal gradient in ower dimensions in oil-seed rape in¯orescences barely aects its earliest¯owers (J.E. Cresswell, pers. obs.).
After collection, each¯ower was preserved in 70 % alcohol and, subsequently, the following measurements were made on fully opened¯owers: petal length; petal width at widest point; length of long stamen; length of short stamen; and pistil length. Where the measurements were obtained from multiple¯ower parts, the mean was calculated prior to further analysis. Pollen production was quanti®ed in each collected bud, which had also been preserved in 70 % alcohol. Anthers were removed by dissection, macerated, and the number of pollen grains in the¯ower was estimated from haemocytometer preparations (Bell, 1997) . For each bud, the diameter of 30 pollen grains was measured to the nearest 2 . 5 mm using a microscope ®tted with an eyepiece graticule.
The relationship between plant density and nectar production was investigated as follows. On a single day at 1500 h, a single¯ower was chosen on each target plant in which the petals had begun to protrude from the bud, but the calyx had separated only partially. A¯ower which has these characteristics towards the end of a day typically opens at the beginning of the next day (Bell, 1997; Bell and Cresswell, 1998) . At 1500 h on the day of opening, nectar was removed from each of these¯owers using small ®lter paper wicks (McKenna and Thomson, 1988) . The wicks were air-dried, prior to determining their carbohydrate contents spectrophotometrically by the Dubois assay (Farrar, 1993) .
In addition, the total number of¯owers ( fruits owers buds) was counted for each individual plant from which¯owers were collected.
Quantifying the eect of density on post-pollination mating success
The eect of density on the post-pollination mating success of transgenic plants was assessed by male competition trials. For these trials, 45 conventional plants were grown, 30 to act as recipient females and 15 to act as standard male competitors against plants in the density series. These conventional plants were grown under the standard glasshouse regime, with each plant in its own pot. When an open¯ower was collected for measurement from a transgenic plant in the density series, a single long stamen was removed and used to pollinate half the area of the stigma of a¯ower on one of the conventional female recipients. The other half of the stigma was pollinated using a pollen mixture produced by combining a single dehiscent anther from each of the 15 standard males. Pollen was applied using tips of wooden cocktail sticks. Two features of the oilseed rape stigma facilitated the precise placement of pollen. First, the stigma has a central suture, and this was used as a guideline in pollen application. Second, the stigmas have a distinctive lustre that disappears when pollen is deposited, so that the areas covered by pollen are evident to unaided visual inspection. Each female recipient was used for a single pollen competition trial. Seed that resulted from these experimental pollinations was later collected, germinated, and the seedlings were screened by the application of dilute herbicide (Cresswell, 1994) , which was brushed onto the surfaces of the cotyledons. As an index of pollen performance, we used the proportion of herbicide-resistant, transgenic progeny from the seeds of each silique, which was recorded in each fruit that contained ®ve or more seeds.
Quantifying the eect of defoliation on¯ower attributes
Twenty conventional plants of B. napus`Westar' (one per pot) were cultivated as described above and, when minutē ower buds ®rst became visible (41 d after sowing), ten plants were randomly selected and 75 % of their leaves were removed by cutting through the petiole at the base. The 20 plants were then randomly arranged on the glasshouse bench. In contrast to the competition experiment, plants were provided weekly with a liquid fertilizer (Vitax Vitafeed 111, Vitax Ltd., Leicester, UK). Flower and pollen dimensions, and quantity of pollen were measured as described above. Nectar measurements were made as described above on¯owers (one per plant) of similar developmental status ( fully opened, petal laminas perpendicular to style, and pollen dehiscence complete), which ensures that¯owers are of similar age (Bell and Cresswell, 1998) . Seeds were planted on 16 Sept. 1999, and¯ower collection took place between 11±16 November. Nectar production was measured on 10 November.
Statistical analyses
To demonstrate that the growth of individual plants was compromised by the eects of intraspeci®c competition, a classic yield-density model (Silvertown and Lovett-Doust, 1993 ) was ®tted to the ®nal dry biomass of the plants in each pot: b wda1 ad, where b is total biomass, d is plant density, and the coecients ®tted are w and a. Additionally, an individual yield-density model (Watkinson, 1986 ) was ®tted to the relationship between individual plant biomass and density: b i w i a1 a i d where b i is individual plant biomass, d is plant density, and the coecients ®tted are w i and a i .
The relationships between density (dry biomass) and ower attributes,¯ower number, and pollen performance were investigated by regression analyses. The relationship between density and the proportion of transgenic progeny met the required analytical assumptions, and therefore the proportions were not transformed prior to analysis. To determine whether¯ower and pollen dimensions, and nectar and pollen production responded similarly to intra-speci®c competition in transgenic and conventional plants, the dierences within pots (transgenic vs. conventional) in each measurement were analysed by a paired t-test. Thē ower attributes of defoliated and control plants were compared by t-test.
All analyses were carried out using SPSS for Windows Version 9 . 0 (SPSS Inc., Chicago, IL, USA).
RESULTS
The total biomass per pot increased rapidly with plant density, although the rate of increase decelerated towards a plateau (Fig. 1) . The relationship was well described by an asymptotic yield-density model: b 3Á71da1 0Á28d, r 2 0 . 75. Across the range of plant densities, individual plant biomass declined by a factor of approximately ten (Fig. 1) , and the relationship was well described by an individual plant yield-density model: b i 2Á32a1 0Á08d, r 0 . 62.
None of the¯oral attributes analysed diered between transgenic and conventional plants ( paired t-tests, t41 . 4, d.f. % 20, P 4 0 . 05), and so only the response of transgenic plants to density will be presented. We note that qualitatively identical statistical outcomes were obtained from analyses of density responses using transgenic and conventional plants. None of the attributes of individual¯owers varied with density (Table 1) . Even when data from all of the¯owers in the density experiment were pooled,¯ower and pollen dimensions showed little variation (coecients of variation 414 %), but pollen and nectar production were markedly more variable (Table 1) .
There was no detectable eect of intraspeci®c competition on pollen performance (Table 1) , but transgenic plants consistently obtained more fertilizations than conventional plants in the competitive pollination-fertilization trials. After these trials, 18 siliques set ®ve or more seeds, and the mean proportion of transgenic progeny per silique was 0 . 76 (s.e. 0 . 060; t-test, H 0 : m 0 . 5, t 4 . 25, d.f. 17, P 5 0 . 001).
The number of¯owers per plant (N f ) declined rapidly with density (regression analysis: N f 2Á48d 40X17; r 2 0 . 49, F 1,24 23 . 9, P 5 0 . 001). This pattern emerged because the number of¯owers produced was strongly related to individual plant biomass (regression analysis: N f 18Á8b i À 1Á1; r 2 0 . 78, F 1,24 71 . 5, P 5 0 . 001; Fig. 2) , and plant biomass declined with density ( Fig. 1) .
Defoliated plants produced¯owers with smaller petals and shorter stamens than control plants (t-tests, t 5 2 . 42, d.f. 8, P 5 0 . 05), but no other attributes were apparently aected ( Table 2) .
DISCUSSION
Our study found that a gradient in the severity of intraspeci®c competition induced ten-fold dierences in dry biomass among individual plants, but the attributes of individual¯owers were nevertheless conserved across the gradient. Even after pooling¯owers across the density experiment, the coecients of variation of¯ower dimensions in Brassica napus were similar to those that characterize plants more generally (Cresswell, 1998) . When resources were chronically scarce, B. napus apparently conserved¯oral attributes and reduced the number of owers produced, presumably by varying the number of owers that were initiated (Matthies, 1990) . If¯ower attributes tend to be conserved in competitive conditions more widely in the Brassicaceae, then our results suggest Regression line is N f 18 . 8b À 1 . 1, r 2 0 . 77. that the weak association between¯ower size and plant density observed by Mazer (1992) in Raphanus raphanistrum, which was statistically non-signi®cant, may have been an artefact. In contrast to the stability in¯oral development that emerged in the competition experiment, our defoliation experiment showed B. napus to be capable of plasticity in oral dimensions. In our study, defoliation probably occurred after the number of¯ower primordia had been determined, whereas competition presumably impacted on the plants before¯oral initiation. Therefore, the dierence between the competition and defoliation experiments in the stability of¯oral attributes is likely to have originated in the interplay between assimilate levels,¯ower initiation, and ower development, but the mechanisms that determine this process are, as yet, not fully understood (Koch, 1996; Roitsch, 1999) .
As found more generally among plants (Vonhof and Harder, 1995; Cresswell, 1998) , pollen grain size in B. napus was highly conserved, particularly relative to pollen production. Pollen production in B. napus appears to be sensitive to the resource status of the plants (Bell and Cresswell, 1998) , and the three-fold dierence in pollen production between plants involved in the competition and defoliation experiments in our study could be attributable to dierences in the application of fertilizer during cultivation.
We found no dierence in the response to density by transgenic vs. conventional B. napus, but our post-pollination competition trials showed that pollen from the transgenic plants obtained more fertilizations than expected against conventional competitors. Our stock of transgenic plants was highly inbred and is expected to be isogenic; therefore, it is not possible to determine whether the observed dierential in pollen performance relative to conventional plants is related to the transgene, or is instead a fortuitous attribute of this genetic line.
Why might natural selection favour¯oral stability?
An adaptive explanation for the stability of¯ower size relative to¯ower number can be constructed by analogy with explanations of sex allocation in hermaphrodites (Charlesworth and Charlesworth, 1981; Charnov, 1982; reviewed in Brunet, 1992) , i.e. ®tness is more sensitive to reduction in allocation to¯ower size than to¯ower number. Fitness may be lower for individuals with smaller¯owers because they receive fewer pollinator visits (Galen and Newport, 1987; Strauss et al., 1996) or experience suboptimal pollen transfer (Nilsson, 1988; Campbell et al., 1996; Wilson and Thomson, 1996; Cresswell, 1998 Cresswell, , 2000 ; but see Wilson, 1995) . Fitness may similarly be lower for individuals with fewer¯owers because they receive fewer pollinator visits (Campbell, 1989; Devlin and Ellstrand, 1990; Eckhart, 1990; Goulson et al., 1998) , but this may be oset by reduced geitonogamy (Klinkhamer and de Jong, 1993; Harder and Barrett, 1996) . Derivation of the optimal resolution of¯ower size-vs.-number trade-os would, however, require quanti®cation of ®tness-allocation relationships of the kind hypothesized by Sakai (1993) ; this remains to be achieved. An alternative explanation for the observed conservation of¯ower size refers to developmental integration between owers and fruit (Primack, 1987; Andersson, 1996) , whereby selection on the size of seeds or fruits stabilizes ower size incidentally. This explanation may apply to B. napus. Arti®cial selection for maximum seed yield under high density has doubtless been intense in a crop such as B. napus, but this in itself does not require that silique size be the trait conserved rather than silique number.
Overall, we conclude that the marked stability in¯ower development observed here could have evolved under natural selection, but further work is required to establish which, if any, of the alternative explanations that we have reviewed is valid.
